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ABSTRACT 
The hydrodynamic behaviour of a novel flat plate photocatalytic 
reactor for water treatment is investigated using CFD code 
FLUENT. The reactor consists of a reactive section that features 
negligible pressure drop and uniform illumination of the 
photocatalyst to ensure enhanced photocatalytic efficiency. The 
numerical simulations allowed the identification of several 
design issues in the original reactor, which include extensive 
boundary layer separation near the photocatalyst support and 
regions of flow recirculation that render a significant portion of 
the reactive area. The simulations reveal that this issue could be 
addressed by selecting the appropriate inlet positions and 
configurations. This modification can cause minimal pressure 
drop across the reactive zone and achieves significant 
uniformization of the tested pollutant on the photocatalyst 
surface. The influence of roughness elements type has also been 
studied with a view to identify their role on the distribution of 
pollutant concentration on the photocatalyst surface. The results 
presented here indicate that the flow and pollutant concentration 
field strongly depend on the geometric parameters and flow 
conditions. 
 
INTRODUCTION 
Heterogeneous photocatalysis has received an increasing 
attention for water purification due to its intriguing advantages 
over other traditional water purification processes. In this 
process, low-energy ultraviolet light is used to generate holes 
and electrons, which oxidizes toxic organic pollutants [1] and/or 
reduces toxic metal ions [2]. Simultaneous removal of organic 
compounds and metal ions makes this process unique over other 
process. TiO2 is widely used as the photocatalyst since it is very 
cheap, biologically and chemically inert, nontoxic, and can be 
used for extended period without substantial loss of activity. 
Over the last couple of years, numerous investigations have 
been appeared based on laboratory studies with promising 
results over wide range of organic and metal contaminants in 
water. Despite the interesting results from laboratory-scale 
studies the development of a practical water treatment system 
has not yet been successful [3]. In the design of immobolized 
photocatalytic reactors, one must address two issues, namely, 
uniform distribution of light and mass transfer of pollutants to 
the catalytic surface. Earlier research works did experimental 
studies on reactors containing catalyst-coated tube bundles [4], 
catalyst coated extremely narrow diameter immersion-type 
lamps [5], and catalyst coated rotating tube bundles [6].The 
experimental as well as simulation results revealed that 
photocatalytic reaction is primarily diffusion (mass transfer) 
controlled when catalyst is fixed [7]. The photocatalytic 
reaction takes place at the fluid-catalyst interface, and in most 
cases, the overall rate of reaction is limited to the transfer of 
pollutants to the catalyst surface. Several earlier studies 
indicated to have enhanced mass transfer by increasing mixing 
through turbulence and/or use of baffles. The commercialization 
of this technology has been hindered due to the lack of proper 
models and simulation tools for predicting and analysing the 
photocatalytic system. Developing models for predicting the 
behaviour of photocatalytic reactors is complicated due to a 
strong coupling of physicochemical phenomena that results 
from the complex interactions among transport processes, 
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reaction kinetics, and radiation absorption [8]. The need for 
reliable photocatalytic reactor models has led to an increased 
emphasis on chemical engineering fundamentals, as opposed to 
empirical considerations. In this regard, most of the research 
has focused on a unique aspect of photocatalytic reaction 
engineering, namely the solution of the radiation transfer 
equation (RTE) in a variety of reactor configurations [9, 10]. Of 
equal importance is the study of the fluid dynamics of 
photocatalytic reactors and the impact of geometric parameters 
of the reactor on the flow field [11,12].  
 
Computational fluid dynamics (CFD) has been utilized to the 
modelling of various aspects of chemical engineering such as 
multiphase reaction engineering and the optimization of reactor 
design and the scale-up of reactive systems. However, the use of 
CFD in the development and analysis of photocatalytic reactors 
for air or water treatment applications has been relatively rare. 
In this respect, Mohseni and Taghipour [13] used the 
commercial CFD software Fluent to simulate the flow field and 
chemical reaction of an annular photocatalytic reactor for air-
borne vinyl chloride oxidation. Simulation results allowed the 
authors to identify bypassing as an issue arising in the bench-
scale unit. Pareek et al. [14] studied the behaviour of a 
photocatalytic reactor used in the photo-degradation of spent 
Bayer liquor. The authors used Fluent to model the flow and 
radiation fields in the pilot-scale unit. Mehrotra and Ray [15] 
reported the CFD simulation of an annular photocatalytic batch 
reactor for water treatment that is comprised of a stationary 
outer cylindrical surface and a rotating inner cylinder that 
induces the formation of Taylor-Couette vortices, thereby 
enhancing pollutant mass transfer to the catalyst surface. To 
elucidate the reactor hydrodynamics, simplified models have 
been developed for modelling photoreactor hydrodynamics 
using fully developed laminar flows and fully mixed conditions. 
While these models have been shown to be useful for 
understanding the fluid dynamics under restricted conditions, 
these rarely can be used for the engineering analysis and design. 
CFD has also been used successfully for the simulation of 
photocatalytic reactors for air treatment [12,16]. Using two 
different reactor geometries, representing annular reactors in 
general, the flow field was simulated by CFD [11]. For both 
reactor geometries, they reported the effect of two main 
modelling parameters (discretization of volume and a 
turbulence model) on the numerical solution, and the results 
were compared with experimental measurement. In order to 
utilize solar UV and visible light efficiently, flat-plate 
photocatalytic reactors are usually thought to be commercially 
competent as they provide high surface area to volume ratio for 
a given system. The information obtained from CFD modelling 
would provide valuable insight into the performance of a 
photocatalytic reactor prior to the final experimental validation 
by reducing experimental effort and fabrication costs at the 
pilot-scale level. The present work aims to investigate the 
detailed hydrodynamic information on the flow and pollutant 
concentration field of a novel flat-plate photocatalytic reactor 
under various reactor inlet positions and configurations. Using 
different flow conditions and roughness elements, the effect of 
roughness elements on the flow and the pollutant concentration 
field in the reactor are also highlighted. 
 
CFD MODELLING EQUATIONS  
In the present study, it is assumed that the fluid (water) is 
Newtonian, incompressible, isothermal, non-reactive, with 
constant physical properties and under transient and turbulent 
steady state flow. Under these assumptions and following the 
Reynolds averaged Navier-Stokes (RANS) turbulence modeling 
approach [17], the CFD model involves solving the continuity 
equation (1), Reynolds averaged Navier-Stokes equation (2) 
and time-average conservation of species equation (3) which are 
expressed as  
 
                                            (1)                                                                       
 
                                            (2)                                                              
                                                                                       
                                                                                                                                                   
                                                
Where the over bar indicates a time-averaged value, ρ is the 
density, U (m s
-1
) is the velocity of fluid, P (Pa) is the pressure, 
and τ is the viscous stress tensor, mk is the mass fraction of 
species k, Jk is the diffusive flux of species k, and u and mk are 
fluctuating flow velocity and mass fraction of species k, 
respectively. A turbulence model is a computational procedure 
to close the system of mean flow equations and solve them, so 
that a more or less wide variety of flow problems can be 
calculated. Six known classical turbulence models including 
mixing length, standard k–ε, RNG k–ε, realizable k–ε, Reynolds 
stress and algebraic stress models are widely used[18,19]. For a 
channel with a barrier, the RNG k–ε model is more suitable 
compared to other k–ε y models due to its accuracy for solving 
eddy activities at relatively low Reynolds number [19]. In 
contrast to the Reynolds stress and algebraic stress models, the 
RNG k-ε model also requires lower computational time. In the 
RNG k–ε model, the effect of small-scale turbulence is 
represented by means of a random forcing function in the 
Navier–Stokes equations. The RNG procedure systematically 
removes all small scales of motion from the governing 
equations by expressing their effects in terms of larger scale 
motion and a modified viscosity. This model was derived using 
a rigorous statistical technique and it is similar in form to the 
standard k–ε model presented by Launder and Spalding [18]. 
The model provides the following transport equations for k and 
ε as  
 
                                                (4) 
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Reactive Area 
 
,                         C1ε=1.42,   C2ε=1.68 
 
 
 
           
             and ηo=4.38,  β=0.012  
   
The turbulent viscosity is calculated using the following 
relationship,  
 
 
 
For CFD simulations, near-wall modelling for the RNG k-ε 
model was performed with the enhanced wall treatment 
available in the commercial CFD software. Near-wall modelling 
using this method combines a two-layer model applicable in 
regions with fine near-wall meshes, with enhanced wall 
functions used in regions with coarse meshes. When using the 
enhanced wall treatment, it is necessary thus to construct a 
proper fine mesh where the viscosity-affected near-wall region 
is desired to be fully resolved [17].  
 
Geometry of Reactive Module  
A 2D geometry of the flat plate reactor is shown in Fig. 1. 
The reactor consists of three parts: inlet, reactive area and the 
outlet. A parabolic diffuser was designed for the region between 
the inlet and the reactive area (100×200mm) of the reactor. The 
width of both the inlet and the out let was designed to be 4mm. 
This configuration was chosen to reduce the flow separation 
and to minimize the presence of dead and recirculating zones 
within the reactor [20]. The shape of the reactor outlet was 
selected to reduce the amount of construction material and to 
simplify the manufacturing complexity of the device. For CFD 
simulation, the fluid domain in the reactive section with the 
dimensions of 200mm in length and 15mm in depth was created 
using GAMBIT 2.3.16 (Fluent Inc.) and was discretized to a 
sufficiently large number of 3,23,577 quadrilateral cells to 
obtain a grid independent solution.  
 
 
 
 
 
 
 
FIGURE 1. SCHEMATIC DIAGRAM OF THE REACTIVE 
MODULE, L= REACTIVE MODULE LENGTH. 
 
Solution Strategies 
To reduce computational power requirements, a 2D 
pressure-based-segregated solver with a first-order steady state 
formulation was employed for the single phase modelling. A 
second-order up-wind differencing scheme was used to 
overcome numerical diffusion. The pressure-velocity-coupling 
scheme was resolved with a SIMPLE algorithm. This scheme 
allows for an improved convergence. Pressure was discretized 
with a PRESTO scheme because of its strong convergence 
capability. To ensure the convergence of the numerical solution, 
the scaled residuals were monitored to a criterion of at least 10
-4
 
for the continuity and momentum variables and k-ε as well as 
10
-6
 for concentration respectively. Additionally, the variation of 
velocity magnitude at one point of the computational domain 
located in an area of high velocity gradients was used as 
indicator of convergence. Assuming that the very low 
concentrations of FA did not affect the velocity field within the 
reactor, the CFD model was solved in two steps. First, equations 
of continuity (1) and motion (2) were solved for obtaining the 
flow field across the computational domain. Then, the velocity 
values were kept „„frozen” and the equation of conservation of 
species (3) were solved using the converged flow solution. This 
solving strategy saves computation time and brings stability to 
the solution. 
Boundary Conditions 
For simulation, the bottom wall was treated as no-slip 
boundary and the top surface was modelled as a non- shear 
stress boundary. This automatically sets the normal fluid 
velocity to zero at top. At the inlet and the outlet, VELOCITY-
INLET and PRESSURE-OUTLET boundary conditions were 
imposed respectively. The hydraulic diameter of inlet and outlet 
was fixed at 0.015m. The inlet velocity was assumed to be 0.15 
and 0.5 m/s respectively and the operating pressure at the 
reactor outlet was specified to be 50,000Pa. The direction of the 
flow was defined normal to the boundary. The turbulence 
intensity (TI) was set with values close to 5%. At the outlet, a 
fully developed flow (outflow) condition was applied. Formic 
acid (FA) was used as a model compound to evaluate the CFD 
model on the species mass fraction of FA. At the inlet a constant 
concentration of 0.0034 (mass fraction) was specified and zero 
specified mass fraction was used for the outlet and bottom wall. 
RESULTS AND DISCUSSION 
Influence of Roughness Elements on Flow and 
Concentration Field 
In order to investigate the effect of bottom wall roughness on 
the flow a field, a number of  roughness elements namely  a 
square, a triangular and a semi circular shape were chosen for 
CFD simulation. Fig.2a, 2b and Fig.3-4 represent the influence 
of square, triangular and semi-circular roughness elements on 
the local stream lines and velocity field computed at Re 2150 
and 7500 respectively. As shown in Fig.2a, the presence of 
roughness elements obviously perturbs the local flow near the 
walls coated with catalyst, and the form of the detachment 
tendency due to inertia is observed. When the fluid passes the 
triangular and semicircular roughness elements, the flow over 
rough surfaces tend to induce recirculation at the shadow of the 
2
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roughness elements. Comparing the extent of the stream lines 
distortion induced by these three type roughness elements, it is 
clear that the distortion zone caused by the square roughness 
element is smaller than that attributed to the triangular and semi 
circular roughness element. On the basis of the velocity 
distributions, the local velocity contours near the bottom wall 
which can offer a clearer understanding of the effects of 
roughness elements on fluid flow, are indicated in Fig.3 and 
Fig.4. At Re=2150, the low velocity regions occupy the most 
part of the reactive section. Under the conditions (Re=7500) 
simulated, a strip of low velocity region with a magnitude of 
0.15m/s to 0.27 m/s prevails over the square and triangular 
elements whereas the extent of the low velocity region is 
smaller for the semi-circular element. At Re =7500, it can be 
seen that the distortion of streamlines over the square and 
triangular elements are higher compared to the semi-circular 
element. The effect of triangular roughness elements on 
pressure drop along the reactor bottom is found to be similar to 
the square roughness elements, and their impact level is higher 
than the semicircular roughness element. The regeneration of 
the boundary layer may be the dominant reason for the 
convective mass transfer enhancement, and the flow separation 
and recirculation may be the dominant reason of the increase of 
pressure drop. The regeneration of the boundary layer is 
generally accompanied with the flow separation and 
recirculation induced by roughness elements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 2. INFLUENCE OF ROUGHNESS ELEMENTS ON 
LOCAL STREAM LINE CONTOURS A) Re=2150) B) Re=7500 
RESPECTIVELY. 
 
 
 
 
 
 
 
 
 
FIGURE 3. INFLUENCE OF ROUGHNESS ELEMENTS ON 
LOCAL VELOCITY CONTOURS COMPUTED AT Re=2150. 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4. INFLUENCE OF ROUGHNESS ELEMENTS ON 
LOCAL VELOCITY CONTOURS COMPUTED AT Re=7500. 
 
Fig.5 shows the influence of roughness elements (square, 
triangle and semi circle) on the distribution of the mass fraction 
of formic acid along the reactive section as computed using 
RNG k-ε hydrodynamic model at Reynolds number 2150 (top) 
and 7500 (bottom) respectively. For Re=2150, it can be 
observed that the concentration of FA across the reactive 
segment decreases as it approaches the exit for all the elements 
studied. Under the conditions simulated, the FA concentration at 
the photocatalyst surface decreases significantly for the square 
element compared to the triangular and semi-circular element. 
The distribution of FA with lower magnitude seems to dominate 
over the latter 50% span of the reactive section. This condition 
was verified through analysis of the velocity field in the system 
which showed a recirculation zone at the channel entrance that 
induces high velocity gradient regions in the flow distribution. 
In contrast, at Re=7500, low concentration of FA mass fraction 
appears to present at the shadow of square and semi-circular 
elements than that attributed to the triangular element. These 
higher concentration regions are consequence of higher fluid 
velocity gradients in these zones. Comparatively the range of 
low concentration zone is considerably smaller at turbulent flow 
conditions than that in laminar flow conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5. INFLUENCE OF ROUGHNESS ELEMENTS ON 
CONTOURS OF FA MASS FRACTION AT RE=2150 (TOP) AND 
RE= 7500 (BOTTOM).  
 
 
 
 
  
Re=2150 
 
Re=7500 
 
  
 
a) 
b) 
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Influence of Multiple Inlets on Flow and 
Concentration Field 
When a fluid flows through a sharp bend, the change in flow 
direction gives rise to a secondary flow field perpendicular to 
the flow of the liquid. This lateral flow field could be used to 
improve mixing performance in a reactor where mixing by 
turbulence is not feasible. In this section, an attempt has been 
made to test the splitting of the inlet streams into a number sub-
streams which may lead to increase of the contact surface 
between the inlet flow streams. In order to investigate the 
influence of multiple inlets on the flow and concentration field 
of the reactive zone, three different configurations having two, 
three and four  separate inlets were simulated for an inlet 
velocity of 0.5m/s (Re=2500). The inlet configurations are 
designated as configuration T, configuration HT and 
configuration DT. Fig. 6 shows the magnitude of the velocity 
components along the length of reactive section for inlet 
configurations T, HT and DT respectively. For T configuration, 
the magnitude of velocity vectors varies from 0.258 to 0.67 m/s 
under the conditions simulated. At the inlet, the fluid velocity 
ranges from 0.175 to 0.45 m/s before approaching the reactive 
section. This is related to the formation of counter-rotating 
vortices due to the opposing two inlets which subsequently 
move into downstream with a spiral motion. However, the 
magnitude of velocity varies significantly throughout the 
reactive length. For configuration HT, the velocity magnitude 
varies from 0.52 to 0.17 m/s in the inlet section, after which the 
velocity becomes stable and remains steady with a magnitude of 
0.48 m/s and 0.761 m/s over the entire reactive length. For 
configuration DT, the predicted velocity ranges from 0.55 to 
0.647 m/s at the inlet part and then remains stable with a 
magnitude 6.01 to 0.87 m/s for the length of the reactive 
section.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6. INFLUENCE OF MULTIPLE INLETS ON LOCAL 
VELOCITY FIELD COMPUTED AT Re= 2500 FOR T ,HT AND  
DT CONFIGURATIONS RESPECTIVELY.   
 
For all the configurations studied, higher velocity region 
prevails in the upper part of the reactive section compared to 
the lower part. The results reported here indicate that 
configuration DT gives better velocity distribution and 
uniformity in the reactive section compared to configuration T 
and HT for a given simulation conditions. This may be 
attributed to the variation in the number of inlets among the 
configurations simulated. 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 7. INFLUENCE OF MULTIPLE INLETS ON CONTOURS 
OF FA MASS FRACTION COMPUTED AT Re=2500.  
 
Under the simulation conditions (inlet velocity =0.5m/s and 
Re=2500) the contours of formic acid (FA) mass fraction are 
shown in Fig.7 for configuration T, HT and DT respectively. 
For configuration T, the concentration of FA on the catalyst 
surface decreases progressively along the length of the reactive 
section. For configuration HT, the extent of low concentration 
region in the reactive section decreases gradually and it gives 
relatively higher concentration of FA on the photocatalyst 
surface compared to configuration T. This may be related to the 
increase in the number of inlets in the entrance zone. The 
introduction of one additional horizontal inlet appears to result 
in significant improvement in mixing performance and mixture 
uniformity. This can be clearly seen in Fig.7, the concentration 
of the species is more uniform for the major fraction of the 
reactive zone. By contrast, the strips of low FA concentration 
on the photocatalyst surface seem to disappear for the 
configuration DT under the conditions simulated. This could be 
related to the variation in velocity magnitude for the tested 
configurations. The FA concentration in most part of the 
segment is higher than that in the case of T and HT 
configurations. Due to the disruption of concentration boundary 
layer, the concentration of FA increases significantly on the 
photocatalyst surface with the exception of a few locations 
where low concentrations appears to be existed. High flow 
velocity in the reactive region results in the so-called 
engulfment flow. As a result, a higher mixing efficiency acting 
in cross directions, i.e., perpendicular to the axial direction can 
be obtained. The generation of vortices by multiple inlet 
elements improves the speed of mixing, as the former result in 
the increase of contact area between the liquid species and at 
the same time a reduction in the molecular diffusion distance to 
achieve mixing. The uniform concentration of FA on the 
a) 
T 
HT 
DT 
HT 
T 
DT 
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photocatalyst surface using DT configuration can be attributed 
to the following reasons: (1) the change of flow direction, which 
gives rise to a secondary flow field perpendicular to the liquid 
flow. (2) The separation of boundary layers, which can give rise 
to the generation of vortices. Vortices tend to break the stream 
up into layers, and each layer curls in a different manner. These 
breaking and curling actions lead to increased contact area and 
reduced molecular diffusion distance between the molecules of 
the two liquids in a mixing process. 
Influence of inlet positions on flow field 
The position of the inlet opening can play a crucial role in 
hydrodynamic performance and fluid mixing in a photocatalytic 
reactor.  In order to identify the optimal position of the inlet, 
several tests by varying the inlet positions were conducted in 
FLUENT. The height of the inlet was assumed to be 50% of the 
reactor height (H) and its position was specified at the top, 
bottom and mid-height of the reactor inlet. Fig.8 represents the 
contours of velocity magnitude simulated for the reactive 
section at Re 2150 and 7500 respectively. At Re 2150, the low 
velocity region prevails in most part of the reactive section for 
all inlet positions investigated in this study. With respect to the 
inlet position, the predicted patterns of local velocity magnitude 
at Re 7500 differ considerably over the span studied. For 
clarity, it can be seen that a low velocity region with a 
magnitude of 2.52×10
-2
 m/s spanning nearly 0.02m to 0.05m at 
bottom wall occurred when the inlet was positioned in the lower 
half of the inlet height (H). In contrast a strong recirculation 
region can be observed once the inlet was positioned in the 
upper half of the inlet height (H). Two low velocity regions 
ranging about 0.05m from the inlet are found at above and 
below the inlet when positioned at mid-height.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 8. INFLUENCE OF INLET POSITIONS A) BOTTOM 
0.5H) B) TOP (0.5H) C) MIDDLE (0.5H) D) TOP PLUS BOTTOM 
(0.5H) ON VELOCITY FIELD COMPUTED AT Re 2150(TOP) AND 
Re 7500 (BOTTOM) RESPECTIVELY. 
 
A few scattered discernible recirculation region was found, 
when the inlet was positioned at top-bottom position of the inlet 
with same opening height.   
Influence of inlet positions on concentration profile 
In order to examine the role of inlet positions on the of FA mass 
fraction, several runs were performed  to compute the 
concentration field by varying the position of inlet at bottom, 
top, mid, and top-bottom for Reynolds number 2150 and 7500 
respectively. Under both simulation conditions, it can be seen in 
Fig. 9 that lower concentration of FA has been predicted over 
the reactive segment when inlet opening was positioned in the 
bottom half of the inlet.  At Re=2150, the low concentration 
zone which spans over the 50% of the reactive length. This can 
be attributed to the laminar nature of the fluid flow and that 
mixing occurs mainly by molecular diffusion. In contrast, the 
extent of the low concentration zone is significantly reduced 
when Re approaches to 7500 due to the turbulent diffusion. 
Significant reduction in FA concentration distribution was 
found, when the inlet opening was positioned at the top, mid-
height or top-bottom position of the inlet with a similar opening 
height at Re=2100. By contrast the distribution of FA 
concentration was enhanced considerably for the inlet opening 
positioned at the top, mid-height or top-bottom position of the 
inlet with same height at Re=7500. The pattern of observation 
can be attributed to the recirculation zones occurred in the 
reactive section under the conditions simulated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 9. INFLUENCE OF INLET POSITIONS A) BOTTOM 
(0.5H) B) TOP (0.5H) C) MIDDLE (0.5H) D) TOP PLUS BOTTOM 
(0.5H) ON FORMIC ACID MASS FRACTION COMPUTED AT Re 
2150(TOP) AND Re 7500 (BOTTOM) RESPECTIVELY. 
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CONCLUSION 
A CFD model for simulating a new flat plate photocatalytic 
water treatment reactor was developed. The evaluation of the 
CFD model was performed under various hydrodynamic 
conditions and geometric parameters. The performance of the 
model was assessed in terms of its capability for predicting the 
flow and concentration of FA as a model compound. Under the 
conditions simulated, the performance of the CFD model was 
strongly determined by the inlet positions and configurations as 
well as by the roughness of the photocatalyst surface. The 
model provides a detailed description of the local information 
on the hydrodynamic performance of the reactor and suggests 
the areas where improvement can be made. Since the 
effectiveness of a photocatalytic reactor for pollutant 
degradation depends on the reactor‟s hydrodynamics and 
geometric configurations, the model can be applied to better 
understanding of the interplay of the parameters that influence 
the reactor behavior to recommend a suitable reactor design for 
its optimization. 
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